There are cardiac patients requiring their ECG to be constantly monitored. The quality of long-term electrical activity feature measurements in the ECG may rely considerably on the electrodes and their long-term skin interface performance stability; thus, affecting the accuracy of clinical diagnosis and treatment. Particularly, misbehavior of the skin-electrode impedance (Z SE ) may cause a large degree of distortion in the ECG signal; therefore, it is important to analyze, characterize and provide a reliable modeling of any emerging dry electrode technology being used for long term ECG monitoring. In this paper we present a useful methodology for modeling the Z SE behavior. With the objective to obtain these parameters, we tested four methods for fitting curves: a) 1-time constant impedance of a circuit. b) 2-time constant impedance measurement. c) A fractional calculus with 1-time constant impedance, and d) A fractional calculus with 2-time constant impedance. As results we obtained that the 2-time constant circuit implementation of Z SE using a fractional calculus proved to be best fitted to the phase plot measured with the Solartron analyzer.
Introduction
Continuous monitoring of heart electrical signals is necessary for a number of cardiac patients due to the characteristics of their particular conditions. An instance of this is the need of implanting loop recorders, by means of a surgical procedure, in cases that require long term rhythm monitoring. This procedure allows for monitoring the patient for a period that can exceed two years. Problems related to this procedure include the high cost of the device and the risks derived from its surgical nature such as anesthetic reactions or infections [1] . The use of wearable devices for physiological measurement purposes has been the focus of growing attention [2] . The study of different electrodes with high performance characteristics is currently an active research area [3] [4] .
Commonly, electrodes are classified into three broad groups, namely wet (also called gelled), dry and capacitive coupled electrodes. Wearable monitoring systems can conveniently locate sensors in the wrist and arm when aiming at long term studies. In that case, it is also convenient to use dry sensors because they do not require maintaining the gelling of the skin-electrode interface. An inconvenient of dry electrodes is their higher impedance, compared to the gelled ones, however it has been reported that the response to motion artifacts can be comparable [6] .
The desirable conditions for electrodes are: a low skin contact impedance, close to zero, and a null contact potential. However, it is not feasible to have real electrodes with these characteristics. The realistic aim is to develop electrodes with low skin-electrode impedance, denoted Z SE , and that show similar characteristics to subsequent electrodes in the settings selected for signals recording.
The target of this work is to advance in a method for the characterization of electrodes by means of parametric modeling with particular interest in dry electrodes for arm wearable sensors. This includes the assessment and comparison of Z SE characteristics and frequency response in the 1 Hz -100 Hz range.
Methods
In this work, we used a set up for the measurements identical to the structured for our previous work [7] . That is, we determined the electrical impedance by means of a Schlumberger SI 1260 impedance/gain-phase analyzer combined with a biological sample interface SOLARTRON 1294 (Solartron 1260 and Solartron 1294, Solartron Analytical, Farnborough, UK). This arrangement has been reported to be reliable and accurate in literature [8] .
The "3-electrode" technique used by us to characterize the skin-electrode impedance (Z SE ) in [7] is repeated here. In this scheme, two Ag/AgCl electrodes (Ambu, Blue Sensor SP-00-S) are placed in the forearm so that they act as reference and current return. The electrode under study was located at 5 cm from the reference and connected to the yellow and black terminals of the SI 1260 as shown in figure 1 .
Physical elements that are circulated by the test current consist of the test electrode, the skin-electrode interface, the epidermis and the dermis. The circuit is closed with the current returning through the dermis, epidermis, gel and the return electrode (skin-electrode interface for the return electrode) [9] . The bottom of figure 1 illustrates the model corresponding elements According to the three elements model of figure 2, R 1 represents the electrolyte intrinsic resistance, R 2 corresponds to the low frequency impedance of the skinelectrode interface. Similarly, 2 i Z represents the skinelectrode complex impedance. It has been determined that the capacitor impedance theoretical model given by C j Z 1 can be improved for applications in Bioengineering using a fractional calculus approach. Using this technique, the impedance is expressed as:
. The parameter α is used in order to adjust the impedance so that it can fit the actual data variability.
If the single time constant model is used, the circuit impedance Z SE in the Laplace domain is expressed by:
Substituting s by j and extracting the complex roots of j, the solutions are obtained using: sin cos j j and replacing them in equation (1), the following expression is found:
It is worth noticing that 2 C must be quantified in Farad sec as units. Therefore, the expression for the angle is:
We incorporate here a variation that considers that capacitors vary their parameters with frequency as proposed in fractional calculus. The steps for verification include performing the measurements with the analyzer, selecting the mathematical model and adjusting the parameters of this model so that the theoretical curve is adjusted to the data obtained by measurements. This work brings an improvement to our previous results by using fractional calculus in the mathematical model. Further simplifications can be achieved by omitting the parallel elements R 6 //C 6 , because in the measurement its current is null. The parametric characterization carried out in this work, combines the double-time constant model as proposed in Assambo et al. [10] with the fractional calculus method for biological models presented by Magin and Ovadia in [11] as the approach for solving equations.
The impedance function of the circuit is: (5) which can be simplified by defining the following resistor: 3 
The expressions above correspond to an Imaginary and Real part of the transfer function, the phase angle is important because it can be used as a measure of how close the experimental plot, output by the impedance analyzer, and the analytical curve are with respect to each other. Computing the arctangent from equations (9 to 13) the following relation can be obtained:
Re Im tan 1 (14)
Thus, these mathematical expressions provide a reference theoretical model, which can be useful for verification, as well as for designing the ECG front-end amplification stage or a required pre-signal processing stage.
A MATLAB program, aiming at the minimization of the least squared error, was developed to adjust parameters of equation (5) to the data obtained experimentally with the Solartron analyzer. This MATLAB script is based on the lsqcurvefit function.
Results
Five electrodes of different types were measured using the described set up. In figure 4 , the selected dry electrodes are shown. In that illustration, the electrodes are numbered as follows: 1) AgCl stud (Ringtrode, BQEL1). 2) Iron (Fe), 3) Polyurethane -multipin -A, 4) Polyurethane -multipin -B and 5) Silver disc (Ag). The impedance Z SE was measured for all the electrodes, placing them alternatively over the dry skin, varying frequency in the range from 1 Hz to 10 kHz. In figure 5 , a graph corresponding to the measurements is shown. In this initial test, the multi-pin polyurethane-A electrode, had the lowest impedance at any frequency. It can be seen in figure 6(b) , that the method proposed in this work fits the graph with an error lesser than 2% when fractional calculus is used for estimating the parameters of the electrical elements together with a circuit with two time constants.
Once the minimization is achieved, the values for each of the resistors and capacitors of equations (5 -14) can be calculated. These values are shown in Table I . 
Discussion and Conclusion
The use of fractional calculus for modeling variations in the skin-electrode interface capacitance with frequency shows a better fitting of theoretical curves to the curves produced with data from measurements. This fact seems to confirm the observations of Magin and Ovidia [11] and encourages further research.
In this study, RC circuit models of double time constant were conveniently adopted in order to approximate the impedance function obtained with the Solartron equipment, for a circuit like that of figure 2, with discrete parameters, resistances and fractions of capacitors, with the objective to model the electrode material conductivity, the electrode-skin interface and the dermis-epidermis component. This modelling approach is useful for the proper design of the ECG amplifier circuit with a transfer function that would enable a more accurate cardiac ECG signal and reduce linear distortion.
A systematic method for determining the skinelectrode impedances, Z SE , has been used to assess a selection of dry electrode materials. Encouraging results were obtained suggesting the development of more adequate mathematical models.
One of the contributions of this work is to show that the skin-electrode interface capacitance and the tissue internal capacitance vary with frequency. This characteristic encourages the use of fractional calculus because it has been shown that it can adjust perfectly the experimental data curves obtained with the Solartron 1260 and 1294 set up. This would enable better characterization of electrodes and their models for more adequate amplifiers design in wearable long term ECG monitoring systems.
